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I. INTRODUCTION 

The magnitude and d is t r ibu t ion  of the  slxesses i n  the second stage 

turbine diaphragp and shroud are  presented i n  t h i s  report. These stresses 

were obtained by using the f i n i t e  element method of analysis. 
/- >%, 

Essentially,  the method consists of ideal iz ing an elastic body as a 
~ 

i 

series of discreet  elements interconnected at  nodal points. The s t i f fnes s  

of each element is  defined by i ts  geometry and material  properties; loads 

(mechanical and/or thermal) specified at  the nodal points are used i n  

solving the  equilibrium equations. 

techniques and applications i s  contained i n  Reference (1). 

the  theory and associated d i g i t a l  computer programs used i n  t h i s  report  

a re  explained i n  d e t a i l  i n  References ( 2 )  and (3). 

A general treatment of f i n i t e  element 

Specifically,  
1 
I 

1 
~ * ?--.--,,, 

I 

The analyses a re  i n  accord with the  diaphragm-shroud component 

configuration shown i n  AGC Drawings 1264196-1 and 1264198-1. 

configuration and de ta i l s  of the  "floating" vanes are  shown i n  Figures 1 

The general 

through 4. 

The following loading cases, ac t ing  separately, w e r e  considered: 

1. Thermal loading as indicated i n  Figures 8 through 11 

2. Normal pressure of 75 psi. 

One quadrant (with appropriate boundary conditions ) of t h e  diaphragm 

and shroud w a s  considered. This i s  admissible since f o r  a l l  prac t ica l  

purposes double symmetry ex i s t s  both i n  regard t o  geometry and d is t r ibu t ion  

of thermal and mechanical loading. 
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Maximum e l a s t i c  stresses (50,000 p s i )  occur i n  the  2nd stage 

nozzle diaphragm a t  16 seconds a f t e r  turbine start-up due mainly t o  

the  large thermal gradients through the thickness of the diaphragm. 

The subsequent maximum s t r e s s  l eve l  of 10,000 p s i  due t o  the pressure 

difference of 75 p s i  across the  diaphragm i s  essent ia l ly  constant 

during the  remainder of an operational cycle ( u n t i l  turbine shut-down). 

As shown i n  Appendix A, an extremely conservative estimate of 

cyclic s t r a i n  shows an expected l i f e  of 2700 cycles. 

though, the  maximum e l a s t i c  s t r e s s  l eve l  due t o  the thermal gradient 

a t  16 seconds can be considered as a thermal shock occurring i n  an 

operational cycle of several  hundred hours. 

s t r e s s  l eve l  i s  l e s s  than twice the y ie ld  strength, the s t ress -s t ra in  

cycle will shake-down t o  e l a s t i c  act ion (no fur ther  repeated p l a s t i c  

flow) f te r  the  f i rs t  cycle. 

More r e a l i s t i c a l l y  

Since the maximum e l a s t i c  

Based on maximum turbine performance requirements of 100 cycles 

(one cycle = star t -up and shut-down operation), the  2nd stage nozzle 

diaphragm is s t ruc tu ra l ly  adequate t o  sustain the designated: environ- 

mental loading conditions. 

3 



111. mTHOD OF ANALYSIS 

For both load cases (thermal and pressure) t h e  analysis consis ts  of 

determining the  s t resses  i n  the  diaphragm portion of the component by 

calculat ing equivalent s t ruc tura l  members (elements ) t o  represent the  

mechanical and thermal character is t ics  of the shroud and the  hub. 

t he  e f f ec t s  of t he  shroud and hub on the diaphragm s t resses  can be represented 

qui te  accurately, the  resu l t ing  stresses i n  these equivalent elements themselves 

are not suf f ic ien t .  Thus stresses i n  the shround and hub components are  

determined by considering an axisymmetric ( ro ta t iona l ly  symmetric ) cross- 

section. 

Although 

A. TKERMAL LOADING 

The time a t  which the  maximum s t resses  w i l l  occur w a s  determined 

from a study of the  temperature differences through the thickness of t he  

diaphragm as a function of t i m e .  A s  can be seen from Figure 7, the maximum 

temperature differences and thus t h e  maximum s t resses ,  w i l l  occur a t  16 

seconds. 

The stress d is t r ibu t ion  due t o  the  rad ia l ,  circumferential, and 

axial  temperature gradients i s  composed of two parts: 

1. In-plane s t resses  which a re  caused by movements of adjacent 

elements p a r a l l e l  t o  a meaian plane (mid-thickness ). 

2, Thermal bending 6ereSseS which are caused by a temperature 

difference through the  thickness of an  element. 

The in-plane s t resses  a re  obtained from a generalized plane-stress 

finrtte element computer program using the  temperature a t  mid-thickness 

(Figure 10) as the thermal loading. 

The lateral  bending s t resses  are obtained from a f i n i t e  element 

computer program f o r  p la te  bending using the  thermal moment, % (see 

page 30)  caused by the  temperature difference through the  thickness of 

each element (Figure 9). 

4 



1. Plane S t ress  Analysis 

To account f o r  the  in-plane e f f ec t s  of t he  shroud, an 

equivalent r ing  forming an in tegra l  par t  of the diaphragm w a s  subst i tuted 

f o r  t h e  shroud. 

This equivalence w a s  based on the  following: 

a. The width of t he  r ing  measured i n  the  r ad ia l  

direct ion equals t h a t  of the  shroud i n  plan view. 

b. The r a d i a l  displacement of t he  r ing when subject t o  

an axisymmetric r ad ia l  load equals t h a t  of the shroud when subject t o  the  

same loading. This condition leads t o  the  establishment of the thickness 

of the  r ing  as shown on page 26. 

C. The r ad ia l  displacement of the r ing  at  i t s  juncture 

with t h e  diaphragm equals t h a t  of the  shroud at  the  same locat ion with 

the  shroud subject t o  the  thermal d is t r ibu t ion  remote from the window 

as shown i n  Figure 11. 

of l i nea r  expansion f o r  the  r ing  with the l a t te r  subject t o  a uniform 

temperature as shown on page 26. 

d. 

This condition leads t o  an equivalent coeff ic ient  

The region of t h e  shroud bridging the  cut-out (window) 

i n  the diaphragm i s  considered t o  be effect ively 0.50 inches thick subject 

t o  a uniform temperature of 645OF. as shown i n  Figure l l ( c ) .  

because the  lower flange of the ac tua l  shroud i s  rendered ineffect ive due 

This i s  

, t o  the  close p i tch  of a series of s l o t s  t o  hold the  vanes i n  posit ion 

(see Figure 3). 

A de ta i led  gr id  with numbered elements and nodal points 

i s  presented i n  Figure 6. The following boundary conditions were employed 

a t  the  proper boundary nodal points as shown on page 22: 

a. ALong the  edges of symmetry, t h e  tangent ia l  displace- 

ments and shears vanish. 

b. Along a l l  f ree  edges, t he  normal and shear s t resses  

vanish. 
5 



To account f o r  t he  var ia t ion i n  thickness of t h e  elements 

shown i n  Figure 5, an equivalent modulus w a s  used, A s  indicated i n  

Table I, the equivalent modulus is  defined as t h e  product of t he  ac tua l  

modulus of e l a s t i c i t y  per t inent  t o  a par t icu lar  temperature and a 

corresponding ac tua l  thickness. It should be observed tha t  the variatrion 

with temperature of t he  modulus of e l a s t i c i t y  and coeff ic ient  of l i n e a r  

expansion w e r e  taken i n t o  account. These variations are presented i n  

Figure 13, page 23- 

2. Bending Analysis 

Since the  p la te  bending computer program does account f o r  

changes i n  thickness of the elements, the  thlckness of each element i s  

input d i r ec t ly  in to  the program. 

The equivalent shroud r ing  fo r  the  bending case i s  based 

on the  following: 

a. The width of the  r ing  measured i n  the radial direct ion 

equals t h a t  of t he  shroud i n  plane view. 

b. The moment of i n e r t i a  (about t h e  center l i n e  of t he  

diaphragm) of the  r ing  i s  the same as t h a t  of the ac tua l  shroud cross- 

section. 

and without the vane cut-outs is  shown on page 33. 

The calculations for the  equivalent thickness of the r ing  with 

C. Thermal moment on the  shroud r ing  i s  input as zero. 

That t h i s  i s  t h e  ac tua l  condition i s  evidenced by the thermal displacement 

pat tern of t h e  shroud shown i n  Figure 14. 

radius of the shroud r ing  where the  diaphragm and the  shroud are in tegra l  

i s  essent ia l ly  zero. 

t h a t  used i n  the plane stress analysis (Figure 6). 

The ro ta t ion  along the  inner 

The nodal point and element gr id  i s  the  same as 

The following boundary conditi’ms were applied: 

a. Along the  edges of symmetry the  normal shears, 

tangential. rotat ions,  and twist ing moments vanish. 

b 



b. Along a l l  other boundaries, the  normal and twist ing 

moments, and the  normal shear vanish. 

C. Nodal point 13 i s  used as a reference f o r  displacements 

by se t t i ng  the  normal displacement, w, equal t o  zero. 

3. Axisymmetric Analysis 

To obtain t h e  stress d is t r ibu t ion  i n  the  shroud and hub, 

an axisymmetric f i n i t e  element solut ion was  employed on a cross-section 

where the  shroud and diaphragm form an in t eg ra l  par t  as shown i n  Figure 18. 

It should be noted t h a t  i n  t h i s  representation, each element i s  actual ly  a 

ring, and t h e  geometry and loading have ro ta t iona l  symmetry. 

difference through t h e  diaphragm i s  taken t o  be 3OO0F, and t h e  temperatures 

i n  the  hub and shroud are shown i n  Figure 25. 

The temperature 

Bo PIiESSuKE LOADING 

The normal pressure loading (case 2)  solut ion was obtained by 

two separate analyses. 

1. Diaphragm stresses w e r e  calculated by using the  p la te  

bending program with the  same f i n i t e  element gr id  (Figure 6) and the  

same equivalent shroud as shown on page 33. 

For the  pressure analysis,  the  following boundary 

conditions were applied: 

a. Along the  edges of symmetry, t he  normal shears, 

, t a n g e n t i a l  rotat ions,  and twist ing moments vanish. 

b. Along the  outer radius of the shroud at  nodal points 

where ears are located (see page 35) the normal and twist ing moments vanish, 

and t h e  normal displacement i s  zero (simple support conditions 1. 

C. Along t h e  nodal points defining the  window boundary, 

t he  normal load t ransferred t o  the  diaphragm and shroud by the  inser ted 

vanes i s  input as a shear load as shown on pages 36 and 37. 

d. Along the inner radius and other non-loaded f r e e  

7 



edges, the  normal and twisting moments, and the normal shear vanish. 

2. Hub and shroud stresses were obtained from an axisymmetric 

solution using the f i n i t e  element gr id  shown in Figure 18. 

loading of 75 p s i  w a s  applied and nodal point 169 was fixed in the 

axial direct ion as a displacement reference. 

Pressure 

C. DISCUSSION OF RESULTS 

1. Thermal Loading 

Maximum principle  s t resses  for both the thermal in-plane 

and t h e m 1  bending conditions are p lo t ted  in contour form i n  Figures 21 

and 22 respectively. Based on the large bending stresses,  the c r i t i c a l  

reg'ion is delineated as section A-A i n  Figure 23, and the individual 

components of the  stresses a re  superimposed w i t h  respect t o  compression 

on the upstream face t o  obtain the maximum pr inciple  stress i n  the 

diaphragm of 46 k s i  (compression). 

From the axisymmetric solution the maximum thermal 

stresses in the shroud and hub regions are 50 k s i  (tension) and 30 k s i  

(compression) respectively as shown i n  Figure 25. 

Maximum normal displacement, .Ol35 inches i n  the upstream 

direction, occurs at  the inner radius (hub) as shown i n  Figure 24b. 

Maximum radial displacement of the shroud due t o  the net 

effect  of radial growth and ro ta t ion  i s  0.016 inches as shown i n  Figure 26. 

2. Pressure Loading 

Maximum principle  s t resses  f o r  the bending condition 

produced by the  pressure loading are p lo t ted  i n  contour form i n  Figure 27. 

It should be noted that  the s t resses  indicated w i l l  be compression on the 

upstream face and tension on the  downstream face. 

10.0 k s i  occurs i n  the  diaphragm below the window area. 

Maximum stress of 

8 



From the results of the axisymmetric pressure solution 

presented in Figure 29, the maximum shroud and hub stresses are 4 ksi 

(compression) and 6.0 ksi (tension) respectively. 

Normal displacements are shown in Figure 28, and the 

maximum, .005 inches in the ddwnstream direction, occurs below the 

window at the inner radius (hub). 

9 
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APPmDM A 

STRUCTURAL EVALUATION 

Maximum e l a s t i c  stress (50,000 p s i )  i n  the  nozzle diaphragm 

occurs at  16 seconds after s tar tup as a result of the thermal loading 

condition. 

constant during the  reminder of an operational cycle due t o  the 

pressure loading condition. 

The subsequent stress level (10,000 p s i )  i s  essent ia l ly  

Since the yield strength of s-816 is  38,000 psi ,  the diaphragm 

w i l l  undergo p l a s t i c  deformation. 

This appendix evaluates the  damaging ef fec t  of the p l a s t i c  

flow on the  basis of l o w  cycle fa t igue c r i t e r i a  i n  terms of A) a 

conservative value of t o t a l  s t r a i n  and B)  a more r e a l i s t i c  shake- 

down action. 
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